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(54) Analog pulse width modulation of video data 



(57) A micromirror capable of analog pulse width 
modulation, and method thereof. A capacitor (406) in 
each micromirror element stores a charge representa- 
tive of one pixel of image data. A comparator (41 4) com- 
pares the image data signal stored on the capacitor 
(406) to a reference signal from a reference signal gen- 



erator (416). Depending on the results of the compari- 
son, the address electrodes (418) of the micromirror are 
biased to deflect the micromirror (41 2). As either the im- 
age data charge stored on the capacitor (406), or the 
reference voltage changes, the output of the comparator 
(414) changes to alter the position of the micromirror 
(412). 
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D scrlptlon 

FIELD OF THE INVENTION 

[0001] This invention relates to the field of display sys- 
tems, more particularly to micromirror-based display 
systems, still more particularly to bistable micromirror- 
based display systems that perform analog pulse width 
modulation. 

BACKGROUND OF THE INVENTION 

[0002] Micromechanical devices are small structures 
typically fabricated on a semiconductor wafer using 
techniques such as optical lithography, doping, metal 
sputtering, oxide deposition, and plasma etching which 
have been developed for the fabrication of integrated 
circuits. 

[0003] Digital micromirror devices (DMDs), some- 
times referred to as deformable micromirror devices, are 
a type of micromechanical device. Other types of micro- 
mechanical devices include accelerometers, pressure 
and flow sensors, gears and motors. While some micro- 
mechanical devices, such as pressure sensors, flow 
sensors, and DMDs have found commercial success, 
other types have not yet been commercially viable. 
[0004] Digital micromirror devices are primarily used 
in optical display systems. In display systems, the DMD 
is a light modulator that uses digital image data to mod- 
ulate a beam of light by selectively reflecting portions of 
the beam of light to a display screen. While analog 
modes of operation are possible- (i.e. modes in which 
the mirror deflection is a function of the input data or 
bias voltage) DMDs typically operate in a digital bistable 
mode of operation in which the mirror is fully deflected 
at all times regardless of the image data applied to the 
mirror. 

[0005] Micromirrors have evolved rapidly over the 
past ten to fifteen years. Early devices used a deform- 
able reflective membrane which, when electrostatically 
attracted to an underlying address electrode, dimpled 
toward the address electrode. Schlieren optics illumi- 
nate the membrane and create an image from the light 
scattered by the dimpled portions of the membrane. 
Schlieren systems enabled the membrane devices to 
form images, but the images formed were very dim and 
had low contrast ratios, making them unsuitable for most 
image display applications. 

[0006] Later micromirror devices used flaps or diving 
board-shaped cantilever beams of silicon or aluminum, 
coupled with dark-field optics to create images having 
improved contrast ratios. Flap and cantilever beam de- 
vices typically used a single metal layer to form the top 
reflective layer of the device. This single metal layer 
tended to deform over a large region, however, which 
scattered light impinging on the deformed portion. Tor- 
sion beam devices use a thin metal layer to form a tor- 
sion beam, which is referred to as a hinge, and a thicker 
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metal layer to form a rigid member, or b am, typically 
having a mirror-like surface: concentrating the deforma- 
tion on a relatively small portion of the DMD surface. 
The rigid mirror remains flat while th hinges deform, 

s minimizing the amount ot light scattered by the device 
and improving the contrast ratio of the device. 
[0007] Recent micromirror configurations, called hid- 
den-hinge designs, further improve the image contrast 
ratio by fabricating the mirror on a pedestal above the 

10 torsion beams. The elevated mirror covers the torsion 
beams, torsion beam supports, and a rigid yoke con- 
necting the torsion beams and mirror support, further im- 
proving the contrast ratio of images produced by the de- 
vice. 

is [0008] All micromirror-based projection displays use 
pulse-width modulation to control the amount of light 
that reaches each pixel of an image plane. Typical pulse 
width modulation schemes divide a frame period into bi- 
nary bit periods. Each image data bit in the input data 

20 word controls the operation of the mirror during one bit 
period. Thus, if the bit is active, the mirror is turned "ON* 
during the bit period and light from a light source is di- 
rected to the image plane during the bit period. If the 
image data bit is not active, the mirror is turned "OFF" 

25 during the bit period and light from the light source is 
directed away from the image plane during the bit peri- 
od. The human eye, or other photoreceptor, integrates 
the energy directed to each pixel to create the percep- 
tion of intermediate intensity levels. Typical binary pulse 

30 width modulation systems divide the larger bit periods 
into two or more bit-splits which are distributed through- 
out the frame period. Spreading the contribution of the 
large data bits throughout the frame period eliminates 
some of the artifacts created by the binary pulse width 

35 modulator schemes. 

[0009] While not described above, the creation of full- 
color image requires three DMD spatial light modulators 
simultaneously producing monochromatic images. The 
three primary monochromatic images are then superim- 

40 posed over one another to create a single full-color im- 
age. Alternatively, a single DMD is used in combination 
with a color wheel or other sequential filter mechanism. 
The color wheel divides the white light beam into three 
primary color monochromatic light beams that are se- 

^5 quentially modulated to create single-color sub-images. 
The three primary color monochromatic images are in- 
tegrated by the viewer to create the perception of a sin- 
gle full-color Image. 

[0010] Although binary pulse width modulation pro- 
50 vides a convenient means to create intermediate inten- 
sity levels and utilizes binary data that is easily proc- 
essed to improve the displayed images, binary pulse 
width modulation systems require a very large amount 
of memory and processing hardware. Thus, although 
65 DMD-based display systems are capable of creating vir- 
tually perfect images, the cost of such image quality 
drives the DMD-based projection system out ol the 
reach of many consumers. What is needed is a method 
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and system for creating high-quality images with display 
systems having much less processing power 

SUMMARY OF THE INVENTION 

[0011] The present teachings disclose a method and 
system for analog pulse width modulation of a spatial 
light modulator. One disclosed embodiment provides a 
method of operating an element of the spatial light mod- 
ulator. The method comprises the steps of providing a 
pixel data signal and a reference signal to the element, 
comparing the pixel data signal and the reference signal 
as at least one of the signals changes, and operating 
the element according to the results of the comparison. 
The reference voltage is typically a ramping voltage that 
also performs a degamma operation. 
[0012] According to another disclosed embodiment, 
a micromirror device is provided. The micromirror de- 
vice comprises at least two address electrodes, a de- 
flectable mirror element suspended above the address 
electrodes, a capacitor for storing charge representing 
an image data signal, a reference voltage input, and a 
comparator for receiving the image data signal and the 
reference voltage. The comparator compares the refer- 
ence voltage input and the image data signal and pro- 
vides address voltages to the address electrodes to 
cause a deflection of the deflectable mirror element. 
[0013] Yet another disclosed embodiment provides 
the analog pulse width modulated micromirror cell in a 
display system. The display system comprises a light 
source for providing a beam of light along a light path, 
an array of micromirror cells on the light path, each mi- 
cromirror cell operable to selectively reflect incident light 
along a projection path, a controller for providing the im- 
age data signal to the micromirror array, and projection 
optics on the projection path. The projection optics focus 
the selectively reflected incident light on an image plane. 
Each micromirror cell in the display comprises: at least 
two address electrodes, a deflectable mirror element 
suspended above the address electrodes, a capacitor 
for storing a charge representative of an image data sig- 
nal, a reference voltage Input, and a comparator for re- 
ceiving the image data signal and the reference voltage, 
the comparator arranged for comparing the reference 
voltage input and image data signals and providing ad- 
dress voltages to the two address electrodes to cause 
a deflection of the deflectable element. 
[0014] The disclosed analog pulse width modulation 
scheme and micromirror greatly reduce the hardware 
heretofore required to produce a pulse width modulated 
video image using a micromirror device. The reduction 
in circuitry and frame memory greatly reduces the cost 
of micromirror based display systems. Furthermore, 
many of the artifacts created by the binary time division 
modulation schemes are eliminated. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] For a more complete understanding of the 
present Invention, and the advantages thereof, refer- 
6 ence is now made to the following descriptions taken in 
conjunction with th accompanying drawings, in which: 
[0016] FIGURE 1 is a perspective view of a small por- 
tion of a micromirror array. 

[0017] FIGURE 2 is an exploded perspective view of 
10 a single micromirror element from the micromirror array 
of Figure 1 . 

[0018] FIGURE 3 is a plan view of a digital micromirror 
device according to a disclosed embodiment of the 
present invention. 
is [001 9] FIG URE 4a is a schematic view of one embod- 
iment of one element in the digital micromirror array of 
Figure 3 operable to perform analog pulse width modu- 
lation. 

[0020] FIGURE 4b is a schematic view of another em- 
20 bodiment of one element in the digital micromirror array 
of Figure 3 operable to perform analog pu Ise width mod- 
ulation. 

[0021] FIGURE 5a is a plot of the output reference 
voltage generator of Figures 4a and 4b. 
25 [0022] FIG URE 5b is a plot of pixel voltage data for a 
single pixel over two frames. 

[0023] FIGURE 5c is a plot showing the mirror posi- 
tion for a micromirror cell having the pixel data of Figure 
5b and the reference voltage input of Figure 5a. 
30 [0024] FIGURE 6a is a plot of the output reference 
voltage generator of Figures 4a and 4b. 
[0025] FIGURE 6b is a plot ol pixel voltage data for a 
first pixel. 

[0026] FIGURE 6c is a plot of pixel voltage data for a 

35 second pixel. 

[0027] FIGURE 6d is a plot showing the mirror posi- 
tion for a micromirror cell having the pixel data of Figure 
6b and the reference voltage input of Figure 6a. 
[0028] FIGURE 6e is a plot showing the mirror posi- 

40 tion for a micromirror cell having the pixel data of Figure 
6c and the reference voltage input of Figure 6a. 
[0029] FIGURE 7 Is a schematic view of one micro- 
mirror cell embodiment showing the selection of a global 
reset waveform. 

45 [0030] FIGURE 8 is a schematic view of one micro- 
mirror cell embodiment showing the local generation of 
a reset waveform. 

[0031] FIGURE 9 is a schematic view of a micromir- 
ror-based projection system utilizing an analog pulse 
so width modulated micromirror device according to one 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

55 

[0032] A new modulation technique and micromirror 
have been developed to allow analog pulse width mod- 
ulation of each element of a spatial light modulator. The 
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ability to receive analog image data eliminates, or sig- 
nificantly reduces, th image processing hardware typ- 
ically required to produce digital puis width modulated 
images. Thus, th methods and systems disclosed 
herein enable low-cost spatial light modulator-based 
systems. The methods and systems disclosed are par- 
ticularly useful tor providing low-cost micromirror-based 
display systems since the digital micromirror devices 
are not easily driven in an analog manner. 
[0033] Although the following description specifically 
describes the operation of the disclosed invention in 
terms of digital micromirror devices, it should be under- 
stood that such description is for the purposes of illus- 
tration and not for purposes of limitation. The inventive 
aspects described are equally applicable to other spatial 
light modulators such as liquid crystal devices. 
. [0034] A typical hidden-hinge DM D 1 00 is actually an 
orthogonal array of DMD cells, or elements. This array 
often includes more than a thousand rows and columns 
of DMD cells. Figure 1 shows a small portion of a DMD 
array with several mirrors 102 removed to show the un- 
derlying mechanical structure of the DMD array. Figure 
2 is an exploded view of a single DMD element further 
detailing the relationships between the DMD structures. 
[0035] A DMD is fabricated on a semiconductor, typ- 
ically silicon, substrate 104. Electrical control circuitry is 
typically fabricated in or on the surface of the semicon- 
ductor substrate 104 using standard integrated circuit 
process flows. This circuitry typically includes structures 
necessary to receive image data and to generate mirror 
control signals dependent on the image data. Voltage 
driver circuits for driving bias and reset signals to the 
mirror superstructure may also be fabricated on the 
DMD substrate, or may be external to the DMD. For the 
purposes of this disclosure, addressing circuitry is con- 
sidered to include any circuitry, including direct voltage 
connections, used to control the direction of rotation of 
a DMD mirror. The addressing circuitry will be discussed 
in much more detail below. 

[0036] The silicon substrate 104 and any necessary 
metal interconnection layers are isolated from the DMD 
superstructure by an insulating layer 106 which is typi- 
cally a deposited silicon dioxide layer on which the DMD 
superstructure is formed. Holes, or vias, are opened in 
the oxide layer to allow electrical connection of the DMD 
superstructure with the electronic circuitry formed in the 
substrate 1 04. 

[0037] The first layer of th© superstructure is a metal- 
ization layer, typically the third metalizalion layer and 
therefore often called M3. The first two metalization lay- 
ers are typically required to interconnect the circuitry 
fabricated on the substrate. The third metalization layer 
is deposited on the insulating layer and patterned to 
form address electrodes 110 and a mirror bias connec- 
tion 112. Some micromirror designs have landing elec- 
trodes which are separate and distinct structures but are 
electrically connected to the mirror bias connection 1 1 2. 
Landing electrodes limit the rotation of the mirror 102 
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and prevent the rotated mirror 102 or hinge yoke 114 
from touching th address electrodes 110, which have 
a voftage potential relative to the mirror 102. If the mirror 
102 contacts the address electrodes 110, the resulting 
5 short circuit could fuse the torsion hinges 116 or weld 
the mirror 102 to the address electrodes 110, in either 
case ruining the DMD. 

[0038] Since the same voltage is always applied both 
to the landing electrodes and the mirrors 102, the mirror 

10 bias connection and the landing electrodes are prefer- 
ably combined in a single structure when possible. The 
landing electrodes are combined with the mirror bias 
connection 112 by including regions on the mirror bias/ 
reset connection 112, called landing sites, which me- 
chanically limit the rotation of the mirror 1 02 by contact- 
ing either the mirror 1 02 or the torsion hinge yoke 114. 
These landing sites are often coated with a material cho- 
sen to reduce the tendency of the mirror 1 02 and torsion 
hinge yoke 1 14 to stick to the landing site. 

20 [0039] Mirror bias/reset voltages travel to each mirror 
102 through a combination of paths using both the mirror 
bias/reset metalization 112 and the mirrors and torsion 
beams of adjacent mirror elements. The landing elec- 
trode/mirror bias 112 configuration shown in Figure 1 is 

£5 ideally suited to split reset applications since the DMD 
elements are easily segregated into electrically isolated 
rows or columns simply by isolating the mirror bias/reset 
layer between the subarrays. The mirror bias/reset layer 
of Figure 1 is shown divided into rows of isolated ele- 

30 ments. 

[0040] A first layer of supports, typically called spac- 
ervias, is fabricated on the metal layer forming the ad- 
dress electrodes 110 and mirror bias connections 112. 
These spacervias, which include both hinge support 

35 spacervias 116 and upper address electrode spacervias 
118, are typically formed by spinning a thin spacer layer 
over the address electrodes 110 and mirror bias con- 
nections 112. This thin spacer layer is typically a 1 u/n 
thick layer of positive photoresist. After the photoresist 

40 layer is deposited, it is exposed, patterned, and deep 
UV hardened to form holes in which the spacervias will 
be formed. This spacer layer and a thicker spacer layer 
used later in the fabrication process are often called sac- 
rificial layers since they are used only as forms during 

45 the fabrication process and are removed from the device 
prior to device operation. 

[0041] A thin layer of metal is sputtered onto the spac- 
er layer and into the holes. An oxide is then deposited 
over the thin metal layer and patterned to form an etch 

so mask over the regions that later will form hinges 1 20. A 
thicker layer of metal, typically an aluminum alloy, is 
sputtered over the thin layer and oxide etch masks. An- 
other layer of oxide is deposited and patterned to define 
the hinge yoke 114, hinge cap 122, and the upper ad- 

55 dress electrodes 124. After this second oxide layer is 
patterned, the two metals layers are etched simultane- 
ously and the oxide etch stops removed to leave thick 
rigid hinge yokes 114, hinge caps 122, and upper ad- 
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dress electrodes 124, and thin flexible torsion beams 
120. 

[0042] A thick spacer layer is then deposited over the 
thick metal layer and patterned to define holes in which 
mirror support spacervias 126 will be formed. The thick 
spacer layer is typically a 2 ^m thick layer of positive 
photoresist. A layer of mirror metal, typically an alumi- 
num alloy, is sputtered on the surface of the thick spacer 
layer and into the holes in the thick spacer layer. This 
metal layer is then patterned to form the mirrors 1 02 and 
both spacer layers are removed using a plasma etch. 
[0043] Once the two spacer layers have been re- 
moved, the mirror is free to rotate about the axis formed 
by the torsion hinge. Electrostatic attraction between an 
address electrode 110 and a deflectable rigid member, 
which in effect form the two plates of an air gap capac- 
itor, is used to rotate the mirror structure. Depending on 
the design of the micromirror device, the deflectable rig- 
id member is the torsion beam yoke 114, the beam or 
mirror 1 02, a beam attached directly to the torsion hing- 
es, or a combination thereof. The upper address elec- 
trodes 124 also electrostatically attract the deflectable 
rigid member. 

[0044] The force created by the voltage potential is a 
function of the reciprocal of the distance between the 
two plates. As the rigid member rotates due to the elec- 
trostatic torque, the torsion beam hinges resist deforma- 
tion with a restoring torque which is an approximately 
linear function of the angular deflection of the torsion 
beams. The structure rotates until the restoring torsion 
beam torque equals the electrostatic torque or until the 
rotation is mechanically blocked by contact between the 
rotating structure and a fixed component. As discussed 
below, most micromirror devices are operated in adigital 
mode wherein sufficiently large bias voltages are used 
to ensure full deflection of the micromirror superstruc- 
ture. 

[0045] Micromirror devices are generally operated in 
one of two modes of operation. The first mode of oper- 
ation is an analog mode, sometimes called beam steer- 
ing, wherein the address electrode is charged to a volt- 
age corresponding to the desired deflection of the mir- 
ror. Light striking the micromirror device is reflected by 
the mirror at an angle determined by the deflection ol 
the mirror. Depending on the voltage applied to the ad- 
dress electrode, the cone of light reflected by an individ- 
ual mirror is directed to fall outside the aperture of a pro- 
jection lens, partially within the aperture, or completely 
within the aperture of the lens. The reflected light is fo- 
cused by the lens onto an image plane, with each indi- 
vidual mirror corresponding to a fixed location on the im- 
age plane. As the cone of reflected light is moved from 
completely within the aperture to completely outside the 
aperture, the image location corresponding to the mirror 
dims, creating continuous brightness levels. 
[0046] The second mode of operation is a digital 
mode. When operated digitally, each micromirror is fully 
deflected in either of the two directions about the torsion 
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beam axis. Digital operation uses a relatively large volt- 
age to ensure the mirror is fully deflected. Since it is ad- 
vantageous to drive the address electrode using stand- 
ard logic voltage levels, a bias voltage, typically a neg- 

s ative voltage, is applied to the mirror metal layer to in- 
crease the voltage difference between the address elec- 
trodes and the mirrors. Use of a sufficiently large mirror 
bias voltage (i.e. a voltage above what is termed the col- 
lapse voltage of the device) ensures the mirror will de- 

10 fleet to the closest landing electrodes even in the ab- 
sence of an address voltage. Therefore, by using a large 
mirror bias voltage, the address voltages need only be 
large enough to deflect the mirror slightly. 
[0047] To create an image using the micromirror de- 
ls vice, the light source is positioned at an angle equal to 
twice the angle of rotation so that mirrors rotated toward 
the light source reflect light In a direction normal to the 
surface of the micromirror device and into the aperture 
of a projection lens (i.e. creating a bright pixel on the 

20 image plane). Mirrors rotated away from the light source 
reflect light away 1rom the projection lens (i.e. leaving 
the corresponding pixel dark). Intermediate brightness 
levels are created by pulse width modulation techniques 
in which the mirror is rapidly and repetitively rotated 

2S "ON - and "OFF". The duty cycle of the mirror determines 
the quantity of light reaching the image plane. The hu- 
man eye integrates the light pulses and the brain per- 
ceives a flicker-free intermediate brightness level. 
[0048] As described above, prior art pulse width mod- 

30 ulation schemes divide each single-color frame period 
into several bit periods-one bit period tor each data bit 
to be displayed. The mirrors are turned on or off each 
bit period depending on the image data bit being dis- 
played. A lot of hardware is required to format the data 

^5 from the raster-scan format provided by most video 
sources to the bit plane format required for binary pulse 
width modulation using a micromirror device. 
[0049] Figure 3 is a plan view of a digital micromirror 
device 300 according to one embodiment of the present 

40 invention. Although an analog voltage is used by the de- 
vice of Figure 3, the term digital micromirror device is 
retained because the mirror Itself Is operated digitally- 
that is, the mirror is fully deflected in either the "ON" or 
"OFF" direction at all times. The DMD 300 shown in Fig- 

4$ ure 3 includes an optional digital to analog converter 302 
to convert a digital image data stream into an analog 
signal. The preferred embodiment receives an analog 
input, and therefore does not require the digital to analog 
converter 302. 

so [0050] The output of the digital to analog converter 
302 is received by an analog shift register 304. The an- 
alog shift register 304 typically Is a charge coupled de- 
vice (CCD) that periodically samples the analog input 
and transfers a voltage or charge representing the an- 

ss alog input from cell to cell each period. For example, if 
DMD has a mirror array 308 that is 1280 mirrors wide 
and 1 024 mirrors high, the analog shift register 304 con- 
tains at least 1 280 cells, each capable of holding an an- 
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alog signal representative of one pixel of the analog in- 
put video data. 

[0051] After an entire row of data has been shifted into 
the analog shift register 304, a row decoder 306, or row 
counter, selects a row of the mirror array 30B into which 
the analog data is transferred. The output of the row de- 
coder 306 operates like a write enable signal in a mem- 
ory array to transfer an entire row of data into the mirror 
array 308. Although not shown in Figure 3, some em- 
bodiments may use two or more analog shift registers 
304 alternately in a ping-pong lashion depending on the 
speed at which the analog data can be transferred to 
the mirror array 308. 

[0052] The micromirror device 300 of Figure 3 can 
easily accept interlaced or progressive scan video data. 
If interlaced data is input, the row decoder 306 can in- 
crement by two so that the interlaced format is retained. 
Alternatively, the row decoder 306 selects two modula- 
tor rows to receive each line of image data. Loading 
each line of interlaced image data into two modulator 
rows performs a crude line-doubling de-interlace con- 
version. Since the invention described herein is equally 
applicable to interlaced and progressive scan data for- 
mats, the terms field and frame will be used interchange- 
ably throughout this disclosure with the understanding 
that the proper term and signal timing depends on the 
input video stream. 

[0053] Figure 4a is a schematic view of one embodi- 
ment of a micromirror element, or ceil, operable to per- 
form analog pulse width modulation. In Figure 4a, pixel 
data from the analog shift register is written to a first ca- 
pacitor 402 when the write signal from the row decoder 
turns transistor 404 "ON". After the first transistor 404 is 
turned "OFF", a second transistor 408 is turned "ON" by 
a field write signal to allow a transfer of charge from the 
first capacitor 402 to a second capacitor 406. The use 
of two transistors 404, 408 and two capacitors 402, 406 
is optional, but allows one row of data to be displayed 
while a second row of data is being loaded. Without the 
second transistor and capacitor, it may be necessary to 
use a blanking period while a field of data is being load- 
ed. 

[0054] Also included in Figure 4a is a buffer amplifier 
41 0. Buffer 41 0 is used to source or sink current as nec- 
essary to properly charge capacitor 406. Without buffer 
410, the charge stored on capacitor 402 would be aver- 
aged with the charge stored on capacitor 406 when tran- 
sistor 408 is turned "ON". Averaging the charge on the 
two capacitors would allow image data from one frame 
to corrupt image data in the next frame. A buffer on each 
output of the analog shift register performs the same 
function when charge is transferred to capacitor 402. 
[0055] Other means of clearing the capacitors 402, 
406 may be used. One alternate method uses a resistor 
422 to bleed the charge to ground. If a large resistor 422 
is slowly but constantly discharging the capacitor, the 
micromirror cell with exhibit a slow brightness decay 
similar to the persistence of a cathode ray tube. Alter- 



natively, a small r sistor is connected to th capacitor 
immediately before the data writ operation to quickly 
discharge the capacitor. Of course, both a decay resistor 
and a rapid discharge resistor could be used. 

6 [0056] Another change to the sample and hold circuit 
on the input of each comparator allows the modulator 
cell to perform recursive temporal filtering on the input 
image data. To implement this change, a resistor is add- 
ed in series with the capacitor 406. The resistor limits 

io the discharge of the capacitor 406 and allows data from 
one frame to influence the operation of the micromirror 
in the next frame. The larger the value of the resistor 
424, the slower the charge on the capacitor 406 can be 
changed and the more influence previous video data will 

15 haveon later video frames. Typically neither resistor 422 
or resistor 424 are used. 

[0057] Once a field or frame of data is stored in ca- 
pacitor 406, the data controls the operation of the cell's 
micromirror 412. The data stored on the capacitor 406 
20 \s provided to one input of a complementary output com- 
parator 414. A reference voltage from a reference volt- 
age generator 416 is provided to the other input of the 
comparator 414. The complementary outputs of the 
comparator 414 are used to drive the address elec- 
ts trodes 418 of the micromirror. The complementary out- 
put comparator 414 may be any circuit that performs a 
comparison between the two input signals and drives 
the address electrodes 418. For example, a single-end- 
ed comparator may be used to drive analog switches, 
30 pass transistors, or other logic that in turn provides the 
voltages to the address electrodes 418. 
[0058] Depending on the relative magnitudes of the 
voltages provided to the comparator inputs, one ad- 
dress electrode 418 is driven high while the other ad- 
35 dress electrode 418 is driven low. Reference voltage 
generator 416 is typically not part of each micromirror 
cell, but instead a single reference voltage generator 
that provides a reference voltage to many micromirror 
cells. 

40 [0059] The electrostatic attraction between the micro- 
mirror 412 and the address electrodes 418 causes the 
micromirror 41 2 to rotate toward the side having the 
greatest electrostatic attraction. Since the electrostatic 
attraction is a function of both the voltage diff erentiahand 

45 the distance between the electrode 41 8 and the micro- 
mirror 41 2, even a small voltage differential between the 
micromirror 41 2 and the closest address electrode 41 8 
may be sufficient to hold the micromirror against landing 
electrode 420. Therefore, the mirror bias is generally set 

50 ©qual to one output of the comparator so that there will 
be no voltage differential on one side of the micromirror 
412. 

[0060] Figure 4b is a schematic view of another em- 
bodiment of a micromirror element 401, or cell, operable 
65 to perform anabg pulse width modulation. The embod- 
iment of Figure 4b is similar to the embodiment shown 
in Figure 4a, but does not include two capacitors and 
write transistors, orthe resistors used to filter and decay 
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the charge applied to the capacitor. 
[0061] Figure 5a shows one possible waveform for 
the output of the reference voltage generator of Figure 
4a. The waveform 500 shown in Figure 5a is a modified 
sawtooth waveform. The curv of the rising portion of 
the waveform performs a degamma function by altering 
the duty cycle of the micromirror for a given image data 
value. Because the degamma waveform is a smooth an- 
alog waveform, the false contouring problems associat- 
ed with dim data values do not occur. 
[0062] The reference voltage waveform 500 typically 
is a periodic function with a frequency that is a multiple 
of the frame rate. The use of a reference voltage with a 
frequency higher than the frame rate allows helps to re- 
duce flicker, and performs a function similar to the bit 
period splitting techniques of the prior art. Figure 5a 
shows a reference voltage that repeats four times every 
frame. Atypical reference voltage repeats sixteen times 
each frame. 

[0063] The magnitude of the reference voltage 500 
and of the pixel image data signal is not critical, voltages 
as low as 1 volt may be used and still provide the equiv- 
alent of 8 bits of image data with 4 mV steps. Higher 
voltages will require more power, while lower voltage re- 
quire increase precision and improved isolation from 
surrounding circuitry in order to avoid degrading the im- 
age. 

[0064] The reference voltage generator may use an- 
alog circuitry to generate the waveform, a digital to an- 
alog converter for converting waveform data stored in a 
memory into a reference voltage, or any other type of 
circuitry for generating the reference voltage waveform. 
[0065] Figure 5b is a voltage waveform representing 
image data stored on capacitor 406 of Figure 4a. As 
shown in Figure 5b, the image data is constant for one 
frame, to-t, andt r t 2 . Figure 5c shows the position of the 
micromirror as determined by the waveforms of Figure 
5a and 5b, As seen in Figure 5c, the duty cycle of the 
micromirror is increased during the four reference volt- 
age pulses of the second frame compared to the four 
reference voltage pulses of the first frame. 
[0066] Referring back to Figure 4a, the use of resistor 
422 creates a decay or persistence effect because the 
mirror on periods during each frame are gradually short- 
ened. Alternatively, the decay of the 6ignal stored on ca- 
pacitor 406 allows the use of a constant reference volt- 
age. Using a constant reference voltage with a decaying 
charge on the capacitor 406 will only create one mirror 
on period each frame. To create additional mirror on pe- 
riods within each frame period, transistor 408 is turned 
"ON* several times during the frame period to refresh 
the charge on capacitor 406. 

[0067] Figure 6a shows a reference voltage waveform 
600 according to a second embodiment of the disclosed 
invention. As shown in Figure 6a, the reference voltage 
repeatedly ramps both up and down. The advantage of 
the waveform of Figure 6a is that the energy from each 
on mirror is centered about the same point in time re- 



gardless of the image data. While the waveform shown 
in Figure 6a may or may not provide more pleasing video 
images, it improves the output of printer-type devices 
that can also utilize the disclosed analog pulse width 

& modulation techniques. 

[0068] A voltage waveform representing the data in a 
first micromirror cell is shown in Figure 6b. Figure 6c 
shows a voltage waveform representing data in a sec- 
ond micromirror cell. As seen in Figures 6d and 6e, while 

10 the two micromirror cells have different duty cycles the 
periods in which the mirrors are -on" are centered rela- 
tive to each other. Since most DMD-based printers print 
a single line of data on a moving photoreceptor, center- 
ing the output from each micromirror element regardless 

15 of the data being projected improves alignment of the 
pixels in each image row. 

[0069] The reference reset voltage also provides an 
ideal means of adjusting the brightness and contrast of 
the image. Since the reference voltage is applied to ail 

20 of the Image pixels, a change to the reference voltage 
waveform will alter the duty cycle of all of the micromirror 
elements. Using the polarities shown in Figure 6, an up- 
ward shift in the reference voltage will reduce the duty 
cycle of the micromirror and dim the projected image. 

*5 Likewise, a downward shift will increase the brightness 
of the projected image. Similarly, only shifting one end 
of the reference voltage waveform, or shift in both ends 
in opposite directions, will change the contrast of the 
projected image. 

30 [0070] The above description of the analog pulse 
width modulation micromirror relies on the ability of the 
mirror to spontaneously reset when the output of the 
comparator changes states. It Is well known In the art 
that micromirrors tend to experience stiction problems. 

35 Stiction is due to an attractive force generated between 
the micromirror and a landing electrode when the micro- 
mirror is in contact with the landing electrode. Stiction 
can overcome both the restorative torque of the torsion 
hinge and the electrostatic forces and prevent the mi- 

40 cromirror from changing states. Passivation coatings 
are used to reduce this attraction. Even with the use of 
passivation coatings, however, it may be necessary to 
use some sort of a reset voltage to spring the micromir- 
ror away from the landing electrode. 

45 [0071] Reset schemes generally utilize one or more 
mirror bias pulses to store energy in the hinges of the 
micromirror, and changes to both the address electrode 
voltage and the mirror bias voltage. Changing the bias 
voltages applied to the micromirror and the address 

so electrodes, generally by temporarily increasing the ad- 
dress voltages, is intended to increase the attraction be- 
tween the address electrodes and the micromirror. 
[0072] Figures 7 and 8 both depict schematic views 
of different embodiments showing how to apply an op- 

55 tional reset voltage to the mirror bias signal during/a re- 
set period. In Figure 7, an edge detector 700 outputs a 
signal whenever the comparator changes states-that is. 
whenever the micromirror should be reset. The output 
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of the edge detector is used by an analog switch to en- 
able a reset voltag wav form to be applied to the mi- 
cromirror superstructur .Ther set voltag waveform is 
provided to the entire micromirror array, but is only pro- 
vided to the micromirror when the comparator changes 
states. The reset voltag waveform provides a large 
number of reset opportunities each frame, for example 
256 reset pulses each frame. Although the reset circuitry 
shown in Figure 7 eliminates the effects of sticking, it 
reintroduces many of the quantization artifacts, such as 
false contouring, caused by the discrete reset events. 
[0073] A better means of avoiding sticking mirrors that 
does not introduce the quantization artifacts is shown in 
Figure B. The circuit of Figure 8 is similar to the circuit 
of Figure 9, except that the edge detector 700 triggers 
a reset generator 800 that provides a unique reset wave- 
form for each element in the micromirror array. While 
the circuit shown in Figure 8 avoids the quantization 
problems introduced in Figure 7, the circuitry required 
to generate a unique reset waveform typically will not fit 
under each micromirror cell. 

[0074] Figure 9 is a schematic view of an image pro- 
jection system 900 using an analog pulse width modu- 
lated micromirror 902. In Figure 9, light from light source 
904 is focused on the improved micromirror 902 by lens 
906. Although shown as a single lens, lens 906 is typi- 
cally a group of lenses and mirrors which together focus 
and direct light from the light source 904 onto the surface 
of the micromirror device 902. Image data and reference 
voltage signals from controller 914 cause the mirrors of 
the micromirror device to rotate on and off according to 
the value of the pixel's image data signal. Mirrors on the 
micromirror device that are rotated to an off position re- 
flect light to a light trap 908, or simply away from the 
aperture of lens 910, while mirrors rotated to an on po- 
sition reflect light to projection lens 910. Projection lens 
910 is shown as a single lens for simplicity. Projection 
lens 910 focuses the light modulated by the micromirror 
device 902 onto an image plane or screen 912. 
[0075] The display system shown in Figure 9 has the 
advantage of not requiring any frame memory, when 
three parallel micromirror devices are used, and reduc- 
ing the amount of data processing required. Low-cost 
systems, however, prefer to use the time-sequential 
methods described above to create full color images us- 
ing only one or two spatial light modulators. These one 
or two-chip display systems require a buffer memory to 
store image data for one or more inactive primary colors 
while the one or two active primary colors are being dis- 
played. 

[0076] Thus, although there has been disclosed to 
this point a particu lar embodiment for a method and sys- 
tem for using analog pulse width modulation with a dig- 
ital micromirror, it is not intended that such specific ref- 
erences be considered as limitations upon the scope of 
this invention. Furthermore, having described the inven- 
tion in connection with certain specific embodiments 
thereof, it is to be understood that further modifications 



may now suggest themselves to those skilled in the art. 



Claims 

£ 

1 . A method of operating an element of a spatial light 
modulator comprising: 

providing a pixel data signal to said element of 

10 said spatial light modulator; 

providing a reference signal to said element of 
said spatial light modulator; 
comparing said pixel data signal and said ref- 
erence signal as at least one of said pixel data 

15 signal and said reference signal change; and 

operating said element of said spatial light mod- 
ulator according to the results of said compar- 
ing step. 

*0 2. The method of Claim 1 , lurther comprising the step 
of: 

decaying said pixel data signal during a frame 

time. 

2B 3. The method of Claim 1 or Claim 2, wherein said step 
of providing a reference signal comprises providing 
a changing reference signal. 

4. The method of Claim 3, wherein said step of provld- 
^0 ing a reference signal comprises providing a grad- 
ually increasing reference signal. 

5. The method of Claim 3, wherein said step of provid- 
ing a reference signal comprises providing a grad- 
es ually decreasing reference signal. 

6. The method of Claim 3, wherein said step of provid- 
ing a reference signal comprises providing a grad- 
ually increasing then gradually decreasing refer- 

40 ence signal. 

7. The method of any preceding Claim, further com- 
prising the step of: 

selecting a global reset waveform upon a 
45 change In an output of said comparing step. 

8. The method of any preceding Claim, further com- 
prising the step of: 

generating a reset waveform upon a change 
50 in an output of said comparing step. 

9. A micromirror device comprising: 

at least two address electrodes; 
55 a deflectable mirror element suspended above 

said at least two address electrodes; 
a capacitor for storing charge representing an 
image data signal; and 
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a comparator receiving said image data signal 
and said reference voltage, said comparator ar- 
ranged for comparing a reference voltage input 
with said image data signal, and for providing 
address voltages to said at least two address s 
electrodes to cause a deflection of said de- 
flectable mirror element. 

10. The micromirror device of Claim 9, wherein said mi- 
cromirror cell further comprises an edge detector for 10 
detecting a change in the output of said comparator. 

11. The micromirror device of Claim 10, wherein said 
micromirror cell further comprises a switch for ena- 
bling a global reset signal when said edge detector is 
detects a change in the output of said comparator. 

12. The micromirror device of Claim 11 , said micromir- 
ror cell further comprising a reset generator for out- 
putting a reset signal when said edge detector de- 20 
tects a change in the output of said comparator. 
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